A small amoeboid organism, found in mammalian tissue cultures inoculated with an infective agent formerly termed 'Ryan virus', is shown to have the morphological, cultural and behavioural characters of the freeliving soil amoeba Hartmannella castellanii Douglas, 1930. Cytopathic changes occurred regularly in the infected monolayers ; this was evidently due to action of the amoebae rather than the presence of any associated bacterial or viral agents. Strong circumstantial evidence suggests that the Ryan isolates of H. castellanii originated, either as trophozoites or cysts, from swabs of the human nasopharynx. Recovery of hartmannellid amoebae from this source is of interest in relation to some recently reported cases of pyogenic meningitis, apparently caused by free-living soil amoebae.
On: Sun, 20 Jan 2019 19:32:50
208

D. C. W A R H U R S T A N D J. A. ARMSTRONG
plates prepared from 1-5 % (w/v) Ionagar (Oxoid: 0x0 Ltd., Thames House, Queen St Place, London, E.C. 4) were spread with a suspension in saline of Klebsiella aerogenes (~~~~9 6 6 7 )
which had been grown in broth and killed by heating at 56" for 2 hr. Surface water was dried from the plates, they were spread with drops of the supernatant fluid of cell cultures infected with Ryan I, and were then incubated at 36-37'. (2) For growth of pure (axenic) cultures, supernatant fluid of cell cultures infected with Ryan I, or amoebae grown on agar plates as shown, were inoculated into either Neff (1957) proteose-peptone glucose medium in 5 ml. quantities in sloped McCartney bottles or into a modified 4 % (w/v) mycological peptone (Adam, 1964 ) and incubated at 36.5". The latter medium was prepared as follows : mycological peptone (Oxoid) was dissolved in M / I~ phosphate buffer (PH 7). The solution was boiled to allow a precipitate to form, and then filtered. The filtrate was autoclaved in 5 ml. quantities in McCartney bottles for 20 min. at 1 2 1~. The bottles were sloped after inoculation, and subcultures were made at intervals of 4-7 days.
For studies of encystment and mitosis, permanent preparations were made by growing amoebae with living or killed Klebsiella aerogenes on microscope slides, coated with a thin layer of agar, in a moist atmosphere; the cultures were fixed in situ using Bouin or Carnoy fixative (Singh, 1950 ). Singh's technique was slightly modified by cutting small slits in the agar layer during inoculation of amoebae on to the slide. This enabled the amoebae to reach the glass surface more readily and to migrate under the agar. The agar layer was stripped off after fixation, and the amoebae adhering to the slide were washed in 70% (wlw) ethanol in water followed by distilled water, mordanted for 18 hr in 3 % (w/v) ferric alum, washed in distilled water, and stained for 4-18 hr in 0.5 yo (wlv) haematoxylin. The stain was differentiated with I % (w/v) ferric alum, and the preparations were counterstained, before final dehydration, in 2 yo (w/v) ethanolic aqueous eosin solution. Other preparations were made by allowing a drop of culture fluid containing many amoebae to lie on a slide for about 30 min. in a moist atmosphere, and then running on fixative to fix the amoebae which adhered to the slide. The Feulgen test was done according to Singh (1952) .
In tests to determine whether the amoebae would transform into flagellates, the surface of an agar-plate culture of amoebae was flooded with distilled water, and observations were made at intervals of I, 2, 4, 6, 9 and 24 hr by using an inverted microscope. In another experiment, axenic cultures were centrifuged and the 5 ml. of supernatant fluid discarded. The deposited amoebae were suspended in ~o m l . de-ionized water and samples were pipetted into Petri dishes for observation with an inverted micro scope.
R E S U L T S
On observation with the inverted microscope of living HeLa cell monolayers, infected with Ryan I, small amoebae were seen to move slowly across the cell sheet, sometimes remaining for a considerable time in one position close to a particular HeLa cell. Focal damage to the cell sheet was obvious to the naked eye 2 days after inoculation, and complete stripping of the monolayer often occurred by 4 days. Cytological features of the cytopathic effect due to Ryan isolates in tissue cultures were described by Armstrong & Pereira (I 967), with particular reference to early changes involving the nuclei and nucleoli of the affected cells. Encystment of the amoebae with consequent detachment from the glass surface also occurred regularly, and cysts An amoeba from mammalian cell cultures 209 were readily detected by microscopical inspection of the supernatant culture medium after 2-3 days of infection.
In agar-plate cultures, single amoebae could be detected after a few hours by using the inverted microscope. They left behind them tortuous trails in moving through the accumulated bacteria on the agar surface. At the end of each trial there could usually be found an indistinct amoeba with a clearly visible contractile vacuole emptying at intervals of about 2 min. When the agar surface had become drier, colonies of amoebae developed which were detectable by the naked eye as clear plaques on the confluent bacterial surface layer, similar to the plaques described for Hartmannella castellanii by Van Rooyen (~g p a , b) . Within about 4 days, or earlier in a dry atmosphere, most of the amoebae had encysted.
In 4 yo mycological peptone a heavy growth of amoebae (about 6 x 104/ml.) was produced after 4-7 days, which could be detected by viewing the culture with the naked eye in subdued daylight, when finely granular clouds of amoebae could be seen in the fluid as it was gently shaken. Examination of cultures by using the inverted microscope disclosed amoebae floating in the medium and adhering to the glass. Cysts were produced in this system after about 6 days, but the agar-plate method produced the maximum yields of cysts. The axenic cultures were subcultured by adding 0.1-0.5 ml. of a well-mixed 4-to 7-day-old culture to each fresh culture bottle. The inoculum could be stored for more than a month at 4" without appreciable loss of viability.
Morphology of the trophozoites The cytoplasm consisted of an inner granular endoplasm, containing the cell organelles, and an outer hyaline ectoplasm. The pseudopodia were fine spike-like, or large lobose, extensions of the ectoplasm, which were often formed simultaneously. Movement of the organism was slow, but appeared to be slightly more rapid in the presence of tissue culture cells. Fifty living amoebae from an axenic culture in 4 % mycological peptone at 36.5" were measured by using an eyepiece micrometer, and their mean diameter when rounded was I 8.8 p (range : 12-3-2707 p). In fixed and stained preparations some shrinkage occurred, and the mean diameter was 14 p. Amoebae grown on agar surfaces with Klebsiella aerogenes (PI. I, figs. I, 2) were larger than amoebae from HeLa cell cultures or from pure cultures. There was a single contractile vacuole, situated at the rear end during movement of the organism. Although amoebae were occasionally found which had 2 or more nuclei, there was generally only one nucleus, which was spherical and vesicular, with a delicate nuclear membrane. In life it was often 7 p or more in diameter. The mean diameter in fixed and stained cultures with HeLa cells was 3.5 p (range of 62 nuclei: 2-7-5.4 p). Amoebae grown on agar surfaces with K. aerogenes had a mean nuclear diameter, when fixed and stained, of 5-3 p (range of 50 nuclei: 3.4-6.8 p). There was a strongly basophilic spherical karyosome or nucleolus, which often appeared hollow; it gave a negative Feulgen reaction. The nucleolar diameter was usually just over half that of the nucleus. The mean diameter of nucleoli from fixed and stained cultures with HeLa cells was 2-0 p (range of 44 nucleoli: 1.4-2.7p). In fixed and stained amoebae from cultures on agar surfaces, the mean nucleolar diameter was 3-2 p (range of 50 nucleoli: 2.0-4-1 p). Slightly basophilic granules, just inside the nuclear membrane, gave a positive Feulgen staining reaction. These granules evidently represent the desoxyribonucleoprotein component of the nucleus. 
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Cyst formation and morphology. When the cysts were first formed they were rounded, with a thin wall, which became thicker and wrinkled when they ripened. The wall was then double-contoured and pierced by several circular ostioles (as many as S), each sealed with an operculum. The ostioles were most easily visible in empty cysts (Pl. 2, figs. 7, 8, 9) . The mean diameter of 50 living cysts from a pure culture was 18.6,~ (range 12.3-30-8 p) . There was usually a single nucleus similar to that of the trophozoite. The peripheral part of the cytoplasm in the living cysts was occupied by a layer of dense granules. In excystment, which occurred in the presence of bacteria or HeLa cells, the amoeba apparently emerged through one of the ostioles, after dislodging the operculum (Pl. 2, figs. 8, 9). On agar plates smeared with Klebsiella aerogenes, most cysts had hatched in less than 6 hr at 36.5". Cysts which had been kept under dry conditions at 20° for more than 3 months hatched readily when inoculated on to agar plates spread with K, aerogenes. Using viability as a test of survival, it was found that cysts were killed by exposure (for 30 min. at 2 0 ' ) to methanol, 5 % (v/v) Lysol, 70 yo (v/v) Mitotic division. During mitosis the amoebae became round and ceased to move. In prophase the peripheral Feulgen-positive granules of the nucleus condensed to form chromosomes, whilst the nucleolus began to decrease in size (Pl. I, fig. 3 ). When the nucleolus had completely disappeared, spindle fibres appeared, originating apparently from areas of the nuclear membrane which had broken down (PI. I, fig. 4 ).
No centrioles were visible at any stage. The nuclear membrane then broke down, whilst the chromosomes became arranged on the equatorial plate and a typical metaphase figure developed (Pl, I, fig. 5 ). When the daughter chromosomes moved apart in anaphase, they became more basophilic (PI. I, fig. 6 ). New nuclear membranes formed and two interphase nuclei were reconstituted before cytoplasmic division took place.
Flagellate stage. No flagellate stages were found when amoebae were suspended in distilled or de-ionized water for various lengths of time, although some amoebae disintegrated, some encysted, and some continued to move about for more than 2 days.
Cytopathogenicity of amoebae grown with bacteria and in pure cultures. Amoebae which had been subcultured 4 times on agar surfaces, with dead KlebsieZla aerogenes as food, were suspended in saline and 3 serial ro-fold dilutions (IO-~? I O -~, IO-~) were inoculated into cultures of HeLa cells in stationary tubes with coverslips. Cytopathic effects beginning with nuclear changes typical of those reported for the Ryan isolates developed in all the inoculated cultures and led to destruction of the cell sheet. Parallel uninoculated cultures showed no such effects. Amoebae grown axenically in Neff medium were similarly effective in producing the typical cytopathic: effect in cultures of HeLa cells. These results, together with the absence of recognizable virus particles or of other regularly associated microbial agents in sections of the amoebae or infected tissue cultures examined by electron microscopy (Armstrong & Pereira, I 967) suggest that the hartmannellid amoebae were themselves responsible for the cytopathic effect produced by Ryan isolates in cultured mammalian cells. Moreover, the Ryan agent would not pass through filters which admitted viral agents. Further work: on the nature and mechanism of the cytopathic effect is in progress.
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Taxonomy
Amoebae of the ' Naegleria ' or ' Vahllcampjia ' type (family Schizopyrenidae, Singh, 1952) produce the elongated ' Limax' form readily, generally move rapidly in fresh cultures, and may produce flagellate forms when suspended in distilled water. Their mitosis in the trophozoite stage is distinctive, for the nucleolus is retained and divides to form 'polar masses ' (Fig. I A) . Hartmannellid amoebae (family Hartmannellidae, Singh, 1952) generally move more slowly, and filiform or spike-like pseudopodia are often present. They do not produce flagellate forms. Their mitotic cycle is similar to that found in higher animals and plants. The nucleolus is lost, and a spindle develops, with chromosomes arranged on the equatorial plate (Fig. I B) . The mitotic cycle, the absence of a flagellate stage, the pseudopodia, the body form and the slow locomotion of the Ryan I amoeba are all characteristic of the family Hartmannellidae. The structure of the nucleus, with a single large Feulgen-negative karyosome (nucleolus) and peripheral Feulgen-positive material, the absence of nuclear division in the cysts, the aerobic mode of growth and the size-range of the trophozoites separate the Ryan I amoeba from the genera in Hartmannellidae other than the genus Hartmannellu Alexeieff 19124 b, as described by Singh (1952) and Adam (1964) . [Singh (1952) and Adam (1964) considered that Volkonsky (1931) split off ' Acanthamoeba' from the genus Hartmannella on inadequate criteria; with this we concur.] The Ryan I amoeba accords well with the descriptions of H. castellanii Douglas (1930) given by , Douglas (1930) , Volkonsky (193 I ) and Adam (1964) , apart from our inability to find a centriole as described by Volkonsky. Three of the four species of free-living hartmannellid amoeba described by Singh ( I 952) have a different cyst morphology from the Ryan I amoeba; H. rhysodes Singh, 1952 
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to Ryan I, but we agree with the opinion of Adam (1964) Volkonsky (1931) ' Adam (1964) .
Our inability to demonstrate an intranuclear centriole in Ryan I amoebae may well be unimportant since the reported size of this organelle is at the limit of resolution of the light microscope, and its very existence in small amoebae is already disputed (Singh, 1952) . With regard to the temperature requirements of different strains, Adam (1964) found that although the Castellani strain of Hartmannella castellanii would not grow in 4 % mycological peptone at 35", 1 1 of the 20 similar strains of hartmannellid amoebae she studied grew well at this temperature. She pointed out that many strains grow readily at (or near) mammalian body temperature.
The various observations reported in our paper refer directly to only one of the tissue culture isolates, namely Ryan I, of the series described by Pereira et al. (1966) . Nevertheless, it has been confirmed that all isolates of Ryan agent contained similar free-living amoebae (Armstrong & Pereira, 1967), and the cytopathic picture in each case was identical. It is therefore highly probable that all of the Ryan isolates were strains of Hartmannvlla castellanii. Hartmannellid amoebae previously recovered by Wang & Feldman (rg61) from cell cultures inoculated with material from human pharyngeal swabs, were considered by these authors to include H. rhysodes, H. glebae and H. agricola. They described the cyst of the form they considered to be H. rhysodes, and it is clearly comparable to that of H. castellanii and the Ryan I amoeba. An amoeba from mammalian cell cultures 213 serum (Chang, 1961) , is associated with a small amoeboid cell. Certainly the known properties of 'lipovirus' and 'Ryan virus' are strikingly similar, and it is even possible that they are one and the same agent.
Significance of Hartmannella castellanii in tissue cultures
Free-living hartmannellid amoebae have been positively identified in mammalian tissue cultures on several occasions, although their precise origin was often obscure (Jahnes, Fullmer & Li, 1957; Culbertson, Smith & Minner, 1958; Adam, 1964) . When trophozoites were detected in supposedly normal monkey kidney cell cultures, it seemed reasonable to regard them as contaminants derived from infected renal tissue or from airborne cysts in the laboratory. Wang & Feldman (1961) , using HeLa and Hep-2 cell cultures, recovered amoebae from 19 out of 10,000 swabs of the human pharynx, the positive subjects being mostly children. Here, as well as in the more recent Ryan isolates in HeLa cell cultures, inherent or accidental contamination seemed an unlikely explanation ; in the Ryan series, for example, amoebae consistently failed to appear in the parallel uninoculated control cultures. There is strong circumstantial evidence that these amoebae were of human origin. The patients concerned were suffering from fever and influenza-like symptoms of varying severity ; however, it has yet to be shown with what frequency Hartmannella castellanii is recoverable from the throats of symptomless people in different age-groups, and there is little reason at present for supposing the amoebae to be concerned directly in human respiratory disease.
An important and as yet unanswered question in relation to the pathogenic potentialities of Hartmannella castellanii is whether the organisms are capable of persisting in the human nasopharynx in the trophic form, or occur merely as occasional cysts either inhaled by chance from the atmosphere or taken in by mouth. Eldridge & Tobin (1967) by using a complement fixation test have found antibody (ranging in titre from I in 5 to I in 80) against Ryan isolates of Hartmannella in sera from 26 of 128 people in hospital. The sera from a small group from whose throats hartmannellid amoebae had previously been isolated all fixed complement with Hartmannella antigen, although the titres fell to low values during a period of 1-3 years. These findings may well be indicative of an infection with trophic forms of the amoebae and also suggest that it is by no means a rare occurrence. Culbertson and his co-workers (1958 Culbertson and his co-workers ( , 1959 Culbertson and his co-workers ( , 1961 have shown conclusively that at least some strains of Hartmannella are pathogenic for mice and for monkeys, following inoculation of trophozoites by the intracerebral or intranasal routes ; their experimental studies provide factual support for speculations concerning the possible role of free-living soil amoebae in human disease. Recent reports possibly incriminating small free-living amoebae in more serious disease include the demonstration of abundant trophozoites in post mortem brain sections from 4 rapidly fatal cases of pyogenic meningitis in Australia (Fowler & Carter, 1965) ; furthermore, in 2 out of 3 similar cases in the United States (Butt 1966) the trophozoites were recognized, before death, in the cerebrospinal fluid.
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